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(54) Heat exchanger for use in a temperature cycling instrument 

top surface for holding said reaction wells; and 



(57) The invention provides heat exchanger appara- 
tus for use in a temperature-cycling instrument for auto- 
mated temperature cycling of a plurality of reaction 
wells comprising: 



computer controllable means for heating and cool- 
ing said block repeatedly in a user<lefined manner. 
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a heat-conducting metal block having a top surface 
and a plurality of recesses communicating with said 
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Description 

the invention pertains to the field of apparatus for use in chain reactions for amplifying DNA or RNA (nucleic acids), 
and to the field of machines for automatically performing this process through temperature cycling. In particular, the 
invention concerns a heat exchanger for use in a temperature-cycling instrument. 

Methods described in the past for synthesizing nucleic acid sequences from an existing sequence, for example, the 
phosphodiester and phosphotriester methods [see Narang et al. a Meth. Enzymol.68, 90 (1979); and Brown et al.. Mettv 
Enzvmol. 68, 109 (1979). respectively], are not practical to produce large amounts of nucleic acid sequences. Such 
methods are laborious and time-consuming, require expensive equipment and reagents, and have a low overall effi- 
ciency. 

There are methods for producing nucleic acid sequences in large amounts from small amounts of an existing 
sequence Such methods involve cloning of a nucleic acid sequence in an appropriate host system, and culturing the 
host wherein the vector in which the nucleic acid sequence has been inserted is replicated, resulting in copies of the 
vector and hence the sequence. See T. Maniatis. et al. a Molecular Clonino:A Laboratory M anual, Cold Spring Harbor 
Laboratory, pp. 390-401 (1982); and US. Patent Nos. 4,416,988 and 4,403.036. The original sequence can also be 
organically synthesized before insertion in a vector. See U.S. Patent No. 4,293,652. 

A method, described by Saiki et al.. Science. 230. 1350-1354 (1985), has been devised for amplifying one or more 
specific nucleic acid sequences or a mixture thereof using primers, nucleotide triphosphates, and an agent for polym- 
erization such as DNA polymerase/The extension product of one primer, when hybridized to the other, becomes a tem- 
plate for the production of the desired specific nucleic acid sequence, and vice versa. The process is repeated as often 
as necessary to produce the desired amount of the sequence. 

This method is especially useful for performing clinical tests on the DNA or RNA from a fetus or other donor where 
large amounts of the DNA or RNA are not readily available and more DNA or RNA Rust be manufactured to have a suf- 
ficient amount to perform tests. The presence of diseases which have unique DNA or RNA signatures can be detected 
by amplifying a nucleic acid sample from a patient and using various probe procedures to assay for the presence of the 
nucleic acid sequence being detected In the test. Such test might be prenatal diagnosis of sickle cell anemia, as 
described by Saikl et al.. supra , where the amplification of specific co-globin target sequences in genomic DNA resulted 
in the exponential increase (220.000 times) of target DNA copies. Increasing sensitivity and speed while reducing the 
complexity of diagnosis. Another test is the diagnosis of the AIDS virus, which is thought to alter the nucleic acid 
sequence of its victims. 

The amplification method bears some similarity to the molecular cloning methods described above, but does not 
involve propagation of a host organism, avoiding the hazards and inconvenience therein involved. In addition, the ampli- 
fication method does not require synthesis of nucleic acid sequences unrelated to the desired sequence, and thereby 
obviates the need for extensive purification of the product from a complicated biological mixture. Finally, the amplifica- 
tion is more efficient than the alternative methods for producing large amounts of nucleic acid sequences from a target 
sequence and for producing such sequences in a comparatively short period of time. 

At first the amplification procedure described above was carried out by hand in the laboratories. The manual proc- 
ess involves a great deal of repetitive liquid handling steps and incubations at controlled temperatures. This is not only 
time-consuming and tedious, but it is also subject to error caused by human operator attention span drift. Such errors 
could result in a misdiagnosis of a genetic birth defect and an unnecessary abortion or the lack of an abortion where a 
birth defect exists. Further, such errors could result in misdiagnosis of sickle cell anemia or other genetic disorders. 

Further certain nucleic acids amplify more efficiently than others, so some nucleic acid sequence amplifications 
require more amplification cycles than others. Because the cost of laboratory labor can be high, and the risks to which 
a laboratory is subjected are high in case of error in erroneously performing amplification, there has arisen a need for 
a system which can automate the amplification process. 

This invention involves a heat exchanger apparatus for use in a temperature-cycling instrument for implementing 
the amplification process when a thermostable enzyme is employed. The use of a thermostable enzyme avoids the 
need for liquid transferring of the enzyme, which is necessitated when the enzyme is unstable in the presence of heat. 

More specif ically, the invention herein relates to heat exchanger apparatus for use in a temperature-cycling instru- 
ment for automated temperature cycling of a plurality of reaction wells comprising: 

a heat-conducting metal block having a top surface and a plurality of recesses communicating with said top surface 
for holding said reaction wells; and 

computer controllable means for heating and cooling said block repeatedly in a user-defined manner. 

This invention also provides an apparatus for performing automated amplification of a plurality of samples, each 
containing at least one specific nucleic acid sequence comprising: 
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means for separately holding a plurality of nucleic acid amplification reaction mixtures containing said samples, 
said holding being carried out at any selected temperature or a plurality of temperatures; and 

means for automatically performing a predetermined sequence of steps including repeatedly causing said first 
means to heat its contents for a first period and to cool its contents for a second period. 

Temperature cycling apparatus in which the present heat exchanger apparatus can be used also generally contains 
a power supply for operation, a structural system to contain ail the elements of the apparatus, and a keyboard and dis- 
play panel to allow control of the apparatus by an operator. 

The receptacle which holds the reagents where the reaction occurs has its temperature controlled by a computer 
to conform to a certain incubation profile defined by the user. Three circulating fluid reservoirs and solenoid operated 
valves, or any other method, may be employed to control temperature. The Peltier solid state heat pumps available from 
Materials Electronics Products Corporation in Trenton, New Jersey, may also be used, as well as a water heat 
exchanger or any other heating and cooling system which may be controlled by a computer. 

If solenoid-operated valves are employed, they are coupled to the computer such that the proper temperature fluid 
can be directed through the supported structure for the heat-conducting receptacle at the proper times in the amplifica- 
tion process under computer control. The receptacle is switched under computer control between two temperatures by 
the transmission of a control signal to the solenoid-operated valves at the proper time in the sequence to gate either the 
hot fluid or the cold fluid through the support structure of the receptacle. A temperature sensor coupled to the reaction 
chamber and the computer is used to provide a signal indicating the actual temperature. The computer compares the 
actual temperature to the desired temperature. An error signal is generated in this fashion which is used to control the 
apparatus which heats and cools the reaction chambers. The computer also keeps track of the elapsed time at partic- 
ular temperatures to implement the incubation periods in the protocol. 

The basic process that the machine performs to implement the amplification protocol after the starting materials are 
25 loaded into the reaction well, in one embodiment using water baths, is as follows. 

The computer signals the solenoid-operated valves to gate the hot fluid through the supporting structure for the 
reaction chamber thereby heating the contents of the reaction well to the temperature of the hot fluid. 
The amount of time the hot fluid is gated "on" is measured by an elapsed time counter. 

The computer compares the elapsed time the hot fluid has been gated "on" to a variable set in memory. In the pre- 
30 ferred embodiment, this variable can be changed by the user through the user interface. In other embodiments it may 
be fixed. 

When the elapsed time matches the variable for the hot incubation, the computer sends a signal to the solenoid- 
operated valves to stop the hot fluid flow and gate the cold fluid flow through the supporting structure for the reaction 
vessel. 

In embodiments using temperature control feedback instead of empirically determined "on" times for the hot and 
cold fluids, a temperature profile versus time for the reaction chamber is programmed into the computer via the user 
interface. This causes the computer to control the reaction or reagent vessel temperature in the sequence required by 
the particular amplification reaction parameters. Such an embodiment uses a thermistor or other temperature sensor 
to monitor the temperature of the reaction chamber and generates an error signal derived by comparing the actual tem- 
perature of the reaction chamber to the user-defined temperature profile. The error signal is used to control a heat pump 
or other heating and cooling apparatus to maintain the desired temperature profile during the high temperature heat-up 
and high temperature incubation and during the chill-down and low-temperature incubation. 

On either temperature feedback or empirically determined time embodiments, the computer starts a timer and com- 
pares the elapsed time for hot or cold fluid flow or the elapsed time at a particular temperature to a user-defined variable 
45 stored in memory for each segment or leg in the temperature profile. These variables can be set by the user in the pre- 
ferred embodiment through the user interface. In embodiments where no temperature sensor is used, the variable for 
proposed time of hot or cold fluid flow Is empirically determined by the user as the time it takes to heat or cool the reac- 
tion vessel to a predetermined temperature from the starting temperature plus the desired incubation time. 

The above temperature profile control apparatus and methods for embodiments using hot and cold fluid reservoirs 
so and solenoid-operated valves are equally applicable to embodiments using Peltier heat pumps or other forms of heating 
and cooling apparatus coupled to the reaction chamber or chambers. 

Figure 1 is a general block diagram of a machine which can perform the amplification process using the thermosta- 
ble enzyme and Peltier heat pumps to cycle the temperature of the reaction vessels. 

Figured is a general block diagram of a machine which can perform the thermostable enzyme amplif ication proc- 
ss ess herein using water baths to cycle the temperature of the reaction vessels. 

Figure 3 is a diagram of a solid state heat pump and reaction chamber heat exchanger structure. 
Figure 4 is a schematic diagram of the interface unit for a solid state heat pump. 
Figure 5 is a diagram of a typical user-defined temperature profile. 

Figure 6 is comprised of two halves labeled Figure 6A and Figure 6B and comprises a flow diagram for the control 
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S ttrea^on 'chamber and compare it to the desired temperature proflle. 
^gygj^ion M^Hin. Using Tbermn^hlo Enz yme and No I jgyjd Handling 

Referring to Figure 1. there is shown a ^^^^M 
amplification process using the thermos^ le e ^^^^^ weMO in. heat exchanger 10. The heat 
be amplified and the necessary reagen s u aremrtaHy ^load ed *a rea excha nger, but preferably 

exchanger 10 supports the reaction well 40. ^^^^JS ^its in a recess formed in heat exchanger 
is a plastic container which holds the ^'^^SS^SS^M exchanger «> is a heat-conducting 

EP Ce^~ 
exchange' 10 to avoid cross ^ 

inc ^r e rhrs 

reaction chamber 40 may be heated and cooled ^SStrSt e^ectricaf neSng and ref rig- 
Any structure or method may be used to perform tt,s heating and ^ u ™ 0 ^ state ^electronic coolers. It 
eration apparatus in or connected to heat ^^^^^^ be capable of reaching and sustaining 

tier solid state thermoelectric heat pump 12 ava ^'^^ hea t pump 1 2. Solid state heat pumps ■ 

heat pump using a compressor^ ^pom* ^ p ^^™^£»Z form of oriented po.ycrystal.ine ingots 
such as Peltier devces are comprised of I ^ a "° P *^ D ™ 0 ^pper bus bars interfaced with ceramic plates. Rgure 
forming back to back PN junctions and ^^""^J* ~ Jriving currents through them in particular, known 
3 shows such an arrangement. These heat pumps h eat or coo, B ^ ^ ^ heat pumps 

ways to move heat in either direction between a heat s.nk 1 4 and ™ "Jj^™ are available in wattage ranges up 
5 have been used by Gilford Instruments ^^^^S^^^ * which *« are ther " 
to and including 150 watts. These devces are capaWe d S uch semiconductors couW be ther- 

mally coupled to temperatures .n a range from -150 to +110 t0 tne insert tubes or wells, 

mally coupled in known ways to heat exchanger 10 or couW ^^^^^^^ b y modulating the cur- 
Such" semiconductors can be easily control ed to ^^^2^9 to standard process control 

temperatures may be used. Aga.n. heat exchanger 10 is an aluminum p axe o h n wnicn nealed 

45 ducting properties. Passageways are machined or moded ^^^^ 10 has afluid 

or cooled fluids may be pumped. In one ^^^^^^^le coupled to the outputs of a fluid 
inlet coupled to a tube 42 and a f lurf outlet coupled to a fcbe 44 ^ e ^ ^ 47 is coupled to high temperature fluid 
multiplexer 46. The fluid multiplexer has pa,s of fluid conveyance tubes 52 and 54. 

conveyance tubes 48 and 50 and the other P" £ ^le the first pair has its input channel cou- 

50 Each pair of ports has one input channel and one output cr^ Qf th P e {luid multiplexer 46 has one 
pled to tube 48 and its output channel coupled to tube 50. Ukew.se _me ouj> p ^ ^ 

'output channel, coupied to ^J^^J^^^%^^L in ut pair, tubes 52 and 54, 
plexer 46 is to couple selectrvely e<ther the to ""P* P* r - alfne 56 ! the first pair of ports 47 is selected, the tube 48 
to the output pair 43 in accordance wrth J^ect s.gna> on^ ■J^^JJ^J jn * eiM multjple xer 46 in the form 
55 is coupled in fluid co^ 

^ ^^neTth^ leC^^eHeaf exchanger 10 and the fluids stored in the tubes in the reaction we,, 
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55 



properly interconnected with'the tubes 42 44 48 £ s^dTL^ d6Si9nated S ° V ' S 1 4 - are 

sw.tch,ng noted above will suffice Indeed if a soiw Stf! ' a °y apparatus that can perform the flu d 

5 trolling the temperature of heat exchaS o tf^ZTT*"*" PUmp 12 fe USed in section 
The heated and cooled fluid f loStn the 1 " I 6XPenSe ° f *" mult *' p,exer 46 is e,i ™ated 
ature fluid reservoir 16 andal^ 

maintain a volume of fluid such as water or anSf eVz at a^ULT ^ ^ mpOSe of these reservoi * * to 
.s remained at a constant temperature of S?£S pSKS 5rSS^ 25T* ^ t6mperatUre f,uid 

• ta.ned at a constant temperature of about35-60»C jwSS^a^JJSj^ ° W ,emperature flM » En- 
able in terms of the temperatures at which thev maiEtSfS t0 50 C The reserv <*s 16 and 18 are adjust- 
as to be ab.e to achieve a reservoir 2? * *"* 1 8 * PreferaWy a< « ustab 6 *> 
ably has a water capadty of 13 liters a^T^SZnl2^V^ ^ bath 18 
per minute. This helps minimize temperature s^Lr™ V™T Z ^ 3 COoWown rate in of 100'C 

* can achieve and maintain such temperature SJ^^J 1 *! heatin 9 a "< cool-9 apparatus which 
theinvenfon. In the preferred embodiment. VWR 1 35 ar S WR Sss^^"*^^^ 

The enzyme used in the amplification dtoc^ ; c ZmZ T T 5 water baths are used - 
The enzyme emp.oyed herein SSSS^SIJ mTfZT* we " 40 initiall > 
temperatures employed to denature the ^SSf ^rembelow. which can withstand the high 

betow Basically, the control program. JZl^na^Tln^ t*? be d6SCribed in more detai ' 
46. The user is interrogated by the control program to^^ wJf^J* "I? PUmp 12 orthef '^ multiplexer 
regarding what temperature profile the user wfehes to run Th J, c , 3nd 8 ^P^^ard user interface 22 

and the times the user wants those temperature to be achiLed The^' "* temperatures « the desired profile 
•nterface 22. The queries to the user ar ^displayed on th ^°" SeS 3rS read by the CPU 20 f ™ a user 

received via the keyboard thereof. User reionsfs h t^ffi^ST ^ and ,he user ' s res P°"^ are 

Me are stored in a RAM 24. A typical time ZZ ^n»eX« nl? ? temperature checkpoints on the desired pro- 
proper control signals to cause heat to be S oXS P I * 1*°™ * F '' 9Ure 5 " The CPU generates the ' 
se. 40 on the desired temperature prSile fr ° m heat "*W 1 0 to maintain the reactfon ves 

face circuit 26 on a line 56. modulated control pulses. These pulses are coupled to a heat pump inter- 

duration through the solid state heat pump 12 ^mSSSSS^I ? "*? h '' 9h CUWnt pu,Ses of •» same 
for this purpose. These transistors are connected in 1,1! P0W6r transistor s 30. 32. 34 and 36 are used 

> This bridge reverses the direction of ITCteSS^ ^ ^ PUmP 1 2 35 3 
CPU on Imes 39 and 40. When the cool control signal on ZXl ^ *? "*™* ° f ^ COntro1 si 9 nals from the 
the trans.stors 30 and 36 are turned off The reasorr for ?hk? i 6 ,rans,stors 34 and 32 are turned on and 

on the „ne 64 down to ground potential thereby tu^ ^ a ^£ °" 3 tranS,S,0r 62 which P u » s »e gate voltage 

off a transistor 68. which allows the + 1 5 volt Stew on7ne 70 t n T be 0ft 1,16 ,09 '' C 0 on ,ine 66 turns 
Th-s ; turns on transistor 32. thereby e-npj^^^^^^ - •» ^or 32 to a ,ogic 1 level, 
he power supply through the drain and source of tSSa! °7 h "? ht '° ( ,eft throu 9 n *e load 12, i.e.. from line 70 and 
the dram and source of transistor 32 to grouS ' thr ° Ugh " nS 76 " the ,oad 12 and line 78. and through 

driv£ ^erSeX m n:^^^^^^ 4 Js not necessary. However, some soleno^ 
-nterface £ be well known to those skilled in the art solenoid-operated valves. The design of a suitable 

corn^ 

. Cor Porat.on in Clinton. Massachusetts or it mt bTan IB^ ^ o L SU ° h 35 the Control,er availa b'e trom 
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. 4h a « me the comouter is installed. There should be some mechanism to cal- 
temperature profile either in real time or at the time compujers ^ ^ ^ 1 ^ g A ^ 

cu.atea"set point" in emb^iments^ 

point" is a target temperature taker^ f rorr ^^J U J ^'"^^"^ the target temper atur e . Refer now to typical tempera- 
signal based upon the error b ^*" rt ^EtnX^ checkpoints are shown as small cirdes. 
ture profile illustrated in Figure 5 & ^ ^ r ^^ ^ „ at ^ Tff Cneckpoint 2 is character- 
Checkpoint 1 is by a tenpe^e ^ characterized by the existence of a temperature .eve. 
ized by a temperature level L 2 at a time ^ between Wll , be called "legs". 
L 2 at the react,on vessel 40 at^ ^^^^ temperature sensors . ^ be programmed to keep track of 
The CPU 20. in embodiments that do not use aciuai ie v caoable of storing one or more 
the Z during which heating or cooHngacti <^J^*£«£ or X leg may be compared, 
empirically determined times against wh.ch actua elapsed J^ d ^ a Typically the user will set a certain cur- 
ThTse empirically determined times are ^^^^^^^^'Xs^ flow will be used for all 
rent flow during the design of the solid state heat f«f£j^ c ™2o^ of Figur e 2. the user must set the 
heating and cooling in the embedment of Figure , 1 Jn fre ^Jj™jj^ J ^ embodiment of Figure 1 
temperature level of the hot and cold reservoirs 16 and 18. The « « h ^ &<iefmed 

and the fixed temperature level for the 'T^^^J^^ ^^ and contentS ' ™* ^ 
heating or cooling rate of change for a given rrass «™™£*Z^™^ a coo, to these checkpoints at the fixed 
will then define the desired checkpoints and d^'^^^f^ the heating or cooling rate must 

heating or cooling rate. If the times taken to r ^* th Jl*^ or cooling ratecannotbe 

■ srs rA a rAOT - - - - - embodi - 

on each leg. This allows each leg to have a drfferen ^Th. ^£^32?" ^ erature senSOrS h 
5 but not using any temperature sensor and ^ ^^ r ™^ e l em ^ imente 0 f Figures 1 and 2. In these 
dashed lines is intended to symbol.** ^ r « b0 *^" thTcase of the embodiment of Figure 2) is 

alternative embodiments, the heating £ ? gre ?ter heating or cooling rate is needed. 

„eC\^^ 

as desired. _ A . „ 4K _ r^forrpri embodiment and is not as accurate. 

Generally, this requires more work on the ^^ r ^^^^TL rate Is fixed for that leg 
The reason is that once the user establishes a fixed heating or coohng rat for each pu 2Q does 
3s and cannot be altered in real time to account for variations. 

not alter the heating and cooling rates ,n real time to oomdtar ^ e ^ ntrol system t0 control the heat- 

The preferred embodiment uses actual temperature feedbac^a^ado^dl ^ v {j|e tQ tne 

ing and cooling rate. This allows real «™ e™^ 1 ^ 

desired temperature profile. To implement the preferred Mtotfm nl . JjeC PUZO s p g ^ 
40 enter "checkpoints" for the desired temperature 

time and periodically calculates "set points" bas H ^^ 

calculated set points are targets to achieve and are used ^^^^ c 9 ham ber from the temperature 

ratus - h;oh th. marhine must Derform for an empirical time embodiment not using a sensor 

The amplification process which the machine must pern rn io j gt ^ 

80 for the embodiments shown in Figures 1 ££2££?2 Sme the user must have loaded the 

74 with a command from the user toe JJ^^^JSng with the nucleic acid sequence(s) to be ampli- 
ss proper enzyme into the reaction chambers 40 in heat ganger iu y chamber s 70 in the heat exchanger 10 
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!!!L °1 u 6 tempera,ure select ,ine 56 in Fi 9^e 2 (the method of operation of Figure 6 is equally applicable to 
he embod,ment shown in Figure 1 ) to cause the opening of the SOV pair 46 to heat the heat exchanged to a high 
temperature equal to a user-defined level, which will be hereafter referred to as temperature variable Lh In some 
embedments, temperature variable L H will not be a variable, but will be a constant fixed at the temperature of the hfah 
temperature reservoir 16. In other non-empirical embodiments using actual temperature feedback data, the variable L 
w.H be user-def ined and the CPU 70 will monitor the temperature of the reaction chamber 40 and issue ihe prjer corn^ 
mand signal to the temperature control apparatus (solenoid-operated valves plus reservoirs or heat pump interface plus 
heat pump) to cause it to heat the heat exhanger 10 until the desired temperature is reached, and then will issue the 
ZT' ?T? t0 th6 temperature control apparatus to cause the desired temperature to be maintained. No moni- 
' '? « 9 ° u 6 Pe ? T ^ h6at exchan 9 er 1 0 is done °y «» C p U 20 in the empirical embodiment currently under dis- 
mnn^ rr e rin^ 9 embodiment - the temperature of the heat exchanger 10 and reaction vessel is 

moratored by the CPU 40. and an error signal is generated by comparison of the actual temperature to the calculated 
S P !I! 1 ? "ser<efined. checkpoints to control the temperature of the heat exchanger 10 according to a user- 

def ined time versus temperature profile. 

™ 6 te ? P tf^f ^ r ^ Cti0 " Chamber 40 during ** hl '9 h - tem Perature incubation should be maintained at 80- 
1 05 C. preferably 90-100°C. The minimum temperature at which the denaturation process will occur is 80°C The tem- 

? T^rr ,i,e r temperature should ^ as rapid as possible, generally 0.5 to 5 minutes, more preferably 
1-3 minutes, to save time in the overall completion time of one cycle. 

Of course before all this may happen, the user must enter the checkpoint data. The steps to prompt the user for 

^t^rS i f *~ ^ SO " entered • knd tQ retri6Ve * «* calculation oi set points are conventional 

and are not critical to the process, so they are not shown. 

a u^Z^^Tf ° f 1,1656 6mpiriCal time embodimenl s involves a high-temperature incubation period for 
a user-defined, empirically determmed time from start of heating to end of incubation. For implementation of the incu- 

E57" ? nH C ° mpUt6r St l rtS 3 dOCk J n St6p 84 and times the elapsed time from *• sta « <* heating toward temperature 
E?Si?i . T Par6 f th l elapsed t,me to a high-temperature incubation time. T H , entered by the user as symbolized 
by step 86. In the preferred embodiments, the incubation time variable may be set at any desired non-empirical value 
oy tne user in real time. 

In other embodiments, the time T H (heating and high temperature incubation time) may be a fixed time which is 
experimental y determined and then "burned" into a ROM for permanent storage. In some embodiments, the CPU 20 
may monitor the temperature of the heat exchanger 1 0 such as by use of the temperature sensor 80 shown attached to 

ES^SjTh .7"? 1 "? C ° UPl6d t0 th6 CPU 20 thr ° U9h 9 ,ine 81 ' and begin timi "9 the h, '9 h temperature incu- 
bation period when plate 1 reaches the, temperature of temperature variable 1^ 

kJ^Z em |" di " 1 f nt of Fi 9 ure 6 - the "ser sets variable T H at a time which is empirically established to include the 
Z J£T S P 15- th ! d6Sir6d ,emperature ^ P"« the desired time for high-temperature incubation at tem- 
• ! mbodl " ients where tne computer starts tracking elapsed time only when the desired temperature L H is 

S^i^i r 3 t6mP6ratUf6 S6nS ° r 80 is USed ' the variable T h ™y ^ set by the user at the amount of time 
high-temperature incubation at temperature Lh without regard for the amount of time it takes.for plate 1 to 
reach temperature L H . In the preferred embodiment, temperature L H is fixed at 90-100°C 

When the elapsed time at temperature L H equals the desired incubation time as determined by step 88 the CPU 
20 sends the proper command to the heating and cooling apparatus to cause plate 1 to be cooled toward a low temper- 

M~ co ~ mma " d ' tfie case of tne embodiments of Figure 2, to the fluid control multiplexer 46 to select the 
T^J? t0 the , tU J es 42 and 44 such that ^ « the temperature of low-temperature fluid reservoir 
mt h manually begins to flow through the heat exchanger 10. In other embodiments, the CPU 20 

ZLT y Tl? C0 , mmand t0 th6 h6atin9 3nd COO,ing apparatus to turn on an electrically driven refrigeration unit 
thermally coupled to plate 1 , such as the Peltier heat pump 12. The range of chill-down rates 4m the highLpiature 

down '7 * 6mP K ratUr6 ^ ' Ch m * b6 Successful| y used is kerned by a balance of considerations. A very 

down such as by using dry ,ce to bring the temperature of the reaction chamber down immediately, will inhibit or stop 

Zi^TJ!!^ ?" th ,f ° ,h6r h3nd ' S, ° W Chi "- d0Wn Wi " len9then * e overa » completion time of one c ^ 
preferred embodiment, a f,xed temperature within the range of from about 35 to 60°C is set by the user by manual 
2 ,,uid ; e c servoir 18 10 main t ai " this temperature in the case of the e'mbodiment of^ure 
evele teZ tlL * emb ^' m ent of Figure 1 . the CPU 20 will establish the proper direction of current flow and duty 
2? t^Tt ? ^ h6 T 6nt6red data fer k " The d °ty cycle may be basedupon user<lef ined data for the parti Jar 
Zetole The temperature ra "9e of from about 35 to 60=0 is the optimumCer- 
2Tif££ ? able enzyme used in the amplification protocol. The broad range of temperatures at whSl the 

amplification protocol can be successfully performed is about 30-35 to 105°C 

it to Ih h »n2 IS iS f f mbolized by 92 and presents, the process of measuring the elapsed time and corrparing 
-t to the user-defined low temperature incubation time T L . The optimum time it takes to reach temperature S 
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exactly known, but approximately 1 -3 minutes is known to be effective. In the empirical embodiments, the CPU 20 does 
not monrtoTthe temperature of plate 1 ; it only keeps track of the elapsed time since the command was .ssued to chill 
X*? t£ user must empirically determine how long it takes to reduce the temperature of plate 1 tar temperature k 
SI CPU?0 in step 92 instantly compares the actual elapsed time to the user<lefined time T L . When the requ.red 
time has passed, processing proceeds to step 94. , enmaam ^i 
Steo 94 symbolizes the process of monitoring for completion of the low-temperature mcubation. In some embodi- 
ments the computer CPU 20 begins tracking elapsed time when temperature k is reached. Step 94 represents ttie 
orocess of the wmputer comparing the actual elapsed time to a low-temperature incubation time, user-def .ned variable 
J ^oZ T embodiments, this variable is a real time, user-defined time stored in the memory of the computer, while in 
other embodiments, the time T L is fixed and permanently stored after being empirically determined. 

As won as the elapsed time equals the desired low-temperature incubation time T u , step 94 causes processing to 
oroceed to a step 96. which increments a software cycle counter to mark the end of the first cycle. If the actual elapsed 
Erne does not equal the time T L . processing proceeds on line 98 to step 92 for another comparison of elapsed tome to 
desired time T,. After step 96. the CPU 20 proceeds to step 100. 

Step 100 and step 102 represent the process of comparison of the cyde count to a user-defined vanable «n mem- 
ory representing the desired number of cycles. In some embodiments, the desired number of cycles is a fixed number, 
but in the preferred embodiment, the desired number of cycles is a user-defined number. This gives the user the flexi- 
bility to vary the number of cycles of amplification performed to account for the differing efficiencies of amplification o 
different nucleic acid sequences, as^described further below. If the cycle count does not match the des.red number of 
cycles processing proceeds via line 104 to step 106 to reset the elapsed time clock, and from there processing pro- 
ceeds to step 82 via line 108 where another cyde is begun. If the desired number of cycles has been performed, then 
orocessing proceeds to step 108. There it is determined whether the user desires to run another temperature profHe 
stored in another "file" or database. Every temperature profile entered by the user has a data field «■ ^* theres 
stored the file identification of the next file or temperature profile to be run. if any. The contents of this hnk held I are read 
in step 108. If the user has made no entry to the link field, then processing proceeds to step 110 and an f™*«^es- 
sage is displayed. If step 1 08 finds a file number in the link field, then processing proceeds to step 1 12. This step resets 
the elapsed time clock, and retrieves the first checkpoint from the new file. Processing then proceeds, staring at step 

82. to run the temperature profile determined by the checkpoints in the new file. ... . 
The control process of Figure 6 shows only two checkpoints for the temperature profile. In other embod.ments. a 

greater number of checkpoints may be used so long as there is a generally high temperature incubation and a generally 
low temperature incubation at the proper temperatures for suffident times. 

In the preferred non-empirical "closed loop" embodiments running the process shown in Figure 7, the CPU 20 ,n 
step 81 starts the heating for leg 1 for the userKlefined temperature profile at a default rate and starts the clock in step 

83. The CPU 20 then computes a set point in step 85 as a target temperature and ^ mous ^^l^^XZ 
ture of plate 1 In step 87 and compares it to the set point on the user<lefined temperature profile^ Step 85 penodically 
updates the set point by computing the slope of the temperature profiled between user-defined checkpoints and calcu- 
lating the new set point based upon the slope and elapsed time at the time of the calculation. An ^ Sl 9 n ^ a ^ on 
the comparison can be generated by the CPU 20 in step 89. This error signal ,s then converted to the proper cont ol 
s!gnal to control the heating and cooling apparatus in step 91 . In the case of a solid state heat pump, the error ^s.gnal is 
used to change the duty cycle. The updated control signal is then output on the line 56 to cause the heating and coo ng 
apparatus to adjust the reaction chamber temperature. If plate 1 became hotter than the desired profile for a particular 
set point, then the cold fluid would be switched on to cool it in the embodiment of Figure In the case <tf ^ embodi- 
ment of Figure 1 . the direction of current flow through the solid state heat pump could be reduced or the on time of the 
heat pulse duty cycle could be reduced to reduce the error signal magnitude toward zero 

In the preferred embodiment control process of Figure 7. the CPU 20 begins timing the elapsed time at the same 
time the command is sent to the temperature control apparatus to begin heating plate 1 to the high temperatore ^Li- 
bation level in step 81 . After step 91 (or step 89 if no error is present) is performed in Figure 7, step 93is performed to 
compare the actual elapsed time to the user-defined time stored in memory at which the next checker* shall have 
been reached. If the elapsed time is equal to or greater than the checkpoint time, processing proceeds to step 95 to 
retrieve the time and temperature data for the next checkpoint. 

If the elapsed time is less than the time to the next checkpoint, processing returns on line 97 to step 87 on Figure 
7. The next set point is then calculated, and processing continues as described above Qlnrtri , hmc 

The error signal computation of step 89 is done using any known proportional control *^ 
are well known and are described in Shinskey. Process Contrd Systems. 2d ed. Chapter 1 (McGraw H.ll 1979) ISBN 

°'° 7 Att?r 8 r!trLal of the time and temperature data for the next checkpoint, the CPU determines in step 99 whether the 
complete temperature profile has been processed. If the cycle has not been completed processing returns on line 97 
to step 87 to compute the next set point. Processing then continues from step 87 as defined above. 

If the temperature profile has been completed, then step 101 is performed to increment the cyde counter (a soft- 
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50 



55 



1 and 2 and stored in RAM 24* «£wVt^u£ZTZ^%^ "** * ,he user 
number of cycles. K « numoer of cycles completed .s compared to the user-defined desired 

^f^^^ returns*, step 81 on ,ine 107. The first 

prof He starts over again as described above P r «*ss.ng of the same checkpoints in the current temperature 

tll^ * ^ * en fUn a different temperaL pS^ Z^ZTrlZ T 'T"^ prof i,e for some ™«*« 
temperature profiles. Each temperature orofile cfatetea. i!! • « ^ er0f cycles ' * 80 on for several different 
«eW in the database for fl* PrSi^^ numb* and each file has a «S 

next temperature profile to be performed, i.e. t neSffle to IT^Tr"^ ^ ^ * *• fi,e number <* 
other predetermined code, then no linking is o occu7and mSLT ' ^ ° f Wa ,ink field are zer ° or some 

>s the case. If there is a linkage, step 1 1 fe penS J EFT 0 "** with an int,ica «on on the display that such 
continues from step 81 as de'scribS abov C ^ 

and the next until no linking address is found. Processes Sen ^ 6 " d °' th9 neXt t6mperature P rof « a 

Amplification Protornl 

More specifically, the amplification method SSSSS ^ UenC6S USI "9 thermostable enzymes, 
tamed in a nucleic acid or a mixture of ^aS^SfS n >** nUC ' eiC acid s ^oe con- 

"compl^^ 

mentary to different strands of each specSuencS ^Z^T~J? * be substan «a»v comple- ■ 

pnmjr. when it is separated from its oo^ J^n^.^^T n8 ^ PmkK * SyntheSi2ed fram °" a 
the other pnmer. said contacting being at a tempeSre v2 JESSE* ? for .^"thesis of the extension product of 
mentary nucleic add strand; emperature which promotes hybridization of each primer to its comple- 

(b) contacting each nucleic acid strand t th 

^^BS^^ sssssxssssz 

each extension product Iron, its complement^ <*Z^ f™*"* 1 ln ««P « bul nol so high as to separate 
s«™ianeoo S ly ot sequentially °° mp ' emMa " <*>« "heroin steps (e) and (I) may be oS M 
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ultimate function or use of the oligonucleotide. The oligonucleotide may be derived synthetically or by cloning. 

The term "primer" as used herein refers to an oligonucleotide, whether occurring naturally as in a purified restriction 
digest or produced synthetically, which is capable of acting as a point of initiation of synthesis when placed under con- 
ditions in which synthesis of a primer extension product which is complementary to a nucleic acid strand is induced, i.e., 

5 in the presence of four different nucleotide triphosphates and a thermostable enzyme at a suitable temperature and pH. 
The primer is preferably single-stranded for maximum efficiency in amplification, but may alternatively be double- 
stranded. If double-stranded, the primer is first treated to separate its strands before being used to prepare extension 
products. Preferably, the primer is an oligodeoxyribonucleotide. The primer must be sufficiently long to prime the syn- 
thesis of extension products in the presence of the thermostable enzyme. The exact lengths of the primers will depend 

10 on many factors, including temperature, source of primer and use of the method. For example, depending on the com- 
plexity of the target sequence, the oligonucleotide primer typically contains 15-25 or more nucleotides, although it may 
contain more or fewer nucleotides. Short primer molecules generally require cooler temperatures to form sufficiently 
stable hybrid complexes with template. 

The primers herein are selected to be "substantially" complementary to the different strands of each specific 

is sequence to be amplified. This means that the primers must be sufficiently complementary to hybridize with their 
respective strands. Therefore, the primer sequence need not reflect the exact sequence of the template. For example, 
a non-complementary nucleotide fragment may be attached to the 5* end of the primer, with the remainder of the primer 
sequence being complementary to the strand. Alternatively, non-complementary bases or longer sequences can be 
interspersed into the primer, provided that the primer sequence has sufficient complementarity with the sequence of the 

20 strand to be amplified to hybridize therewith and thereby form a template for synthesis of the extension product of the 
other primer. However, for detection purposes, particularly using labeled sequence-specific probes, the primers typi- 
cally have exact complementarity to obtain the best results. 

As used herein, the terms "restriction endonucleases" and "restriction enzymes" refer to bacterial enzymes each 
of which cut double-stranded DNA at or near a specific nucleotide sequence. 

25 As used herein, the term "thermostable enzyme" refers to an enzyme which is stable to heat and is heat resistant 
and catalyzes (facilitates) combination of the nucleotides in the proper manner to form the primer extension products 
which are complementary to each nucleic acid strand. Generally, the synthesis will be initiated at the 3' end of each 
primer and will proceed in the 5' direction along the template strand, until synthesis terminates, producing molecules of 
different lengths. There may be thermostable enzymes, however, which initiate synthesis at the 5' end and proceed in 

30 the other direction, using the same process as described above. 

The thermostable enzyme herein must satisfy a single criterion to be effective for the amplification reaction, i.e., the 
enzyme must not become irreversibly denatured (inactivated) when subjected to the elevated temperatures for the time 
necessary to effect denaturation of double-stranded nucleic acids. Irreversible denaturation for purposes herein refers 
to permanent and complete loss' of enzymatic activity. The heating conditions necessary for denaturation will depend, 

35 e.g., on the buffer salt concentration and the length and nucleotide composition of the nucleic acids being denatured, 
but typically range from about 90 to about 105°C for a time depending mainly on the temperature and the nucleic acid 
length, typically about 0.5 to four minutes. Higher temperatures may be tolerated as the buffer salt concentration and/or 
GC composition of the nucleic acid is increased. Preferably, the enzyme will not become irreversibly denatured at about 
90-1 00°C. 

40 The thermostable enzyme herein preferably has an optimum temperature at which it functions which is higher than 
about 40°C, which is the temperature below which hybridization of primer to template is promoted. The higher the tem- 
perature optimum for the enzyme, the greater the specif icity and/or selectivity of the primer-directed extension process. 
However, enzymes which are active below 40°C. e.g., at 37°C, are also within the scope of this invention provided they 
are heat-stable. Preferably, the optimum temperature ranges from about 50 to 80°C, more preferably 60-80°C. 

45 Examples of enzymes which have been reported in the literature as being resistant to heat include heat-stable 
polymerases, such as, e.g., polymerases extracted from the thermophilic bacteria Thermus flavus, Thermus ruber, 
Thermus thermophilus, Bacillus stearothermophilus (which has a somewhat lower temperature optimum than the oth- 
ers listed), Thermus aquaticus, Thermus lacteus, Thermus rubens, and Methanothermus fervidus. 

The preferred thermostable enzyme herein is a DNA polymerase isolated from Thermus aquaticus, strain yT-1 , and 

so purified as follows: Thermus aquaticus cells are grown and the polymerase is isolated and purified from the crude 
extract using the first five steps indicated by Kaledin et al., Biokhimiya . 45, 644-651 (1980). During the fifth step (DEAE 
column at pH 7.5), an assay is made for contaminating deoxyribonucleases (endonucleases and exonucleases) and 
only those fractions with polymerase activity and minimal nuclease contamination are pooled. The last chromatographic 
purification step uses a phosphocellulose column suggested by Chien et al., J. Bacteriol. . 127:1550-1557 (1976). 

55 Nuclease(s) and polymerase activities are assayed, and only those polymerase fractions with minimal nuclease con- 
tamination are pooled. 

While Kaledin et al. and Chien et al. report a purified enzyme with a molecular weight of 62-63 kdaltons, data using 
the purif ied protocol described above suggest a molecular weight of about 86-90 kdaltons. 

In general, the amplification process involves a chain reaction for producing, in exponential quantities relative to the 
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number of reaction steps involved, at least one specific nucleic acid sequence given (a) that the ends of the required 
sequence are known in sufficient detail that oligonucleotides can be synthesized which will hybridize to them, and (b) 
that a small amount of the sequence is available to initiate the chain reaction. The product of the chain reaction will be 
a discrete nucleic acid duplex with termini corresponding to the ends of the specific primers employed. 

5 Any nucleic acid sequence, in purified or nonpurified form, can be utilized as the starting nucleic acid(s), provided 

it contains or is suspected to contain the specific nucleic acid sequence desired. Thus, the process may employ, for 
example, DNA or RNA, including messenger RNA, which DNA or RNA may be single-stranded or double-stranded. In 
addition, a DNA-RNA hybrid which contains one strand of each may be utilized. A mixture of any of these nucleic acids 
may also be employed, or the nucleic acids produced from a previous amplification reaction herein using the: same or 

10 different primers may be so utilized. The specific nucleic acid sequence to be amplified may be only a fraction of a larger 
molecule or can be present initially as a discrete molecule, so that the specific sequence constitutes the entire nucleic 
acid. 

It is not necessary that the sequence to be amplified be present initially in a pure form; it may be a minor fraction 
of a complex mixture, such as a portion of the p-globin gene contained in whole human DNA (as exemplified in the Saiki 

r5 et al. article, supra ) or a portion of a nucleic acid sequence due to a particular microorganism which organism might 
constitute only a very minor fraction of a particular biological sample. The starting nucleic acid sequence may contain 
more than one desired specific nucleic acid sequence which may be the same or different. Therefore, the amplification 
process is useful not only for producing large amounts of one specific nucleic acid sequence, but also for amplifying 
simultaneously more than one different specific nucleic acid sequence located on the same or different nucleic acid 

20 molecules. J 

The nucleic acid(s) may be obtained from any source, for example, from plasmids such as pBR322, from cloned 
DNA or RNA, or from natural DNA or RNA from any source, including bacteria, yeast, viruses, organelles, and higher 
organisms such as plants or animals. DNA or RNA may be extracted from blood, tissue material such as chorionic villi, 
or amniotic cells by a variety of techniques such as that described by Maniatis et al., Molecular Cloning (1982), 280- 

25 281. 

If probes are used which are specific to a sequence being amplified and thereafter detected, the cells may be 
directly used without extraction of the nucleic acid if they are suspended in hypotonic buffer and heated to about 90- 
100°C, until cell lysis and dispersion of intracellular components occur, generally 1 to 15 minutes. After the heating step 
the amplification reagents may be added directly to the lysed cells. 

30 Any specific nucleic acid sequence can be produced by the amplification process. It is only necessary that a suffk 
cient number of bases at both ends of the sequence be known in sufficient detail so that two oligonucleotide primers 
can be prepared which will hybridize to different strands of the desired sequence and at relative positions along the 
sequence such that an extension product synthesized from one primer, when it is separated from its template (comple- 
ment), can serve as a template for extension of the other primer into a nucleic acid sequence of defined length. The 

35 greater the knowledge about the bases at both ends of the sequence, the greater can be the specificity of the primers 
for the target nucleic acid sequence, and thus the greater the efficiency of the process. 

It will be understood that the world "primer" as used hereinafter may refer to more than one primer, particularly in 
the case where there is some ambiguity in the information regarding the terminal sequence(s) of the fragment to be 
amplified. For instance, in the case where a nucleic acid sequence is inferred from protein sequence information, a col- 

40 lection of primers containing sequences representing all possible codon variations based on degeneracy of the genetic 
code will be used for each strand. One primer from this collection will be homologous with the end of the desired 
sequence to be amplified. 

The oligonucleotide primers may be prepared using any suitable method, such as, for example, the phosphotri ester 
and phosphodi ester methods described above, or automated embodiments thereof. In one such automated embodi- 

45 ment, diethylphosphoramidites are used as starting materials and may be synthesized as described by Beaucage et al. , 
Tetrahedron Letters (1981), 22:1859-1862. One method for synthesizing oligonucleotides on a modified solid support 
is described in U.S. Patent No. 4,458,066. It is also possible to use a primer which has been isolated from a biological 
source (such as a restriction endonuclease digest). 

The specific nucleic acid sequence is produced by using the nucleic acid containing that sequence as a template. 

so The first step involves contacting each nucleic acid strand with four different nucleotide triphosphates and one oligonu- 
cleotide primer for each different nucleic acid sequence being amplified or detected. If the nucleic acids to be amplified 
or detected are DNA, then the nucleotide triphosphates are dATP, dCTR dGTP and TTR 

The nucleic add strands are used as a template for the synthesis of additional nucleic acid strands. This synthesis 
can be performed using any suitable method. Generally It occurs in abuffered aqueous solution, preferably at a pH of 

55 7-9, most preferably about 8. Preferably, a molar excess (for cloned nucleic acid, usually about 1000:1 primer template, 
and for genomic nucleic acid, usually about 10 6 :1 primer:template) of the two oligonucleotide primers is added to the 
buffer containing the separated template strands. It is understood, however, that the amount of conplementary strand 
may not be known if the process herein is used for diagnostic applications, so that the amount of primer relative to the 
amount of complementary strand cannot be determined with certainty. As a practical matter, however, the amount of 
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primer added will generally be in molar excess over the amount of complementary strand (template) when the 
sequence to be amplified is contained in a mixture of complicated long-chain nucleic acid strands. A large molar excess 
is preferred to improve the efficiency of the process. 

The resulting solution is then treated according to whether the nucleic acids being amplified or detected are double 

5 or single-stranded. If the nucleic acids are single-stranded, then no denaturation step need be employed, and the reac- 
tion mixture is held at a temperature which promotes hybridization of the primer to its complementary target (template) 
sequence. Such temperature is generally from about 35 to about 65°C or more, preferably about 37°C to about 50°C. 
for an effective time, generally one-half to five minutes, preferably one-three minutes. 

The complement to the original single-stranded nucleic acid may be synthesized by adding one or two oligonude- 

w otide primers thereto. If an appropriate single primer is added, a primer extension product is synthesized in the pres- 
ence of the primer, the thermostable enzyme and the nucleotide triphosphates. The product will be partially 
complementary to the single-stranded nucleic acid and will hybridize with the nucleic add strand to form a duplex of 
strands of unequal length which may then be separated into single strands as described above to produce two single 
separated complementary strands. Alternatively, two appropriate primers may be added to the single-stranded nucleic 

is acid and the reaction carried out. 

If the nucleic acid contains two strands, it is necessary to separate the strands of the nucleic acid before it can be 
used as the template. This strand separation can be accomplished by any suitable denaturing method including physi- 
cal, chemical or enzymatic means. One preferred physical method of separating the strands of the nucleic acid involves 
heating the nucleic acid until it incompletely (>99%) denatured. Typical heat denaturation involves temperatures rang- 

20 ing from about 90 to 105°C for times generally ranging from about 0.5 to 5 minutes. Preferably the effective denaturing 
temperature is 90-1 00°C for 0.5 to 3 minutes. Strand separation may also be induced by an enzyme from the class of 
enzymes known as helicases or the enzyme RecA, which has helicase activity and in the presence of riboATP is known 
to denature DNA. The reaction conditions suitable for separating the strands of nucleic adds with helicases are 
described by Kuhn Hoffmann-Beriing, CSH-Quantitative Biology. 43:63 (1978), and techniques for using RecA ate 

25 reviewed in C. Radding, Ann. Rev. Genetics . 16:405-37 (1982). The denaturation produces two separated complemen- 
tary strands of equal or unequal length. 

If the double-stranded nucleic acid is denatured by heat, the reaction mixture is allowed to cool to a temperature 
which promotes hybridization of each primer present to its complementary target (template) sequence. This tempera- 
ture is usually from about 35 to 65°C or more, preferably from about 37°C to about 50°C, maintained for an effective , 

30 time, generally 0.5 to 5 minutes, and preferably 1 -3 minutes. In practical terms, the temperature is simply lowered from 
about 95°C to about 65°C or to as low as 37°C and hybridization occurs at a temperature within this range. 

Whether the nucleic acid is single- or double-stranded, the thermostable enzyme may be added at the denaturation 
step or when the temperature is being reduced to or is in the range for promoting hybridization. The reaction mixture is 
then heated to a temperature at which the activity of the enzyme is promoted or optimized, i.e., a temperature sufficient 

35 to increase the activity of the enzyme in facilitating synthesis of the primer extension products from the hybridized 
primer and template. The temperature must actually be sufficient to synthesize an extension product of e^ch primer 
which is complementary to each nucleic acid template, but must not be so high as to denature each extension product 
from its complementary template (i.e., the temperature is generally less than about 80-90°C). 

Depending mainly on the types of enzyme and nucleic acid(s) employed, the typical temperature effective for this 

40 synthesis reaction generally ranges from about 40 to 80°C, preferably 50-70°C. The temperature more preferably 
ranges from about 60-65°C when a polymerase from Thermus aquaticus is employed. The period of time required for 
this synthesis may range from about 0.5 to 40 minutes or more, depending mainly on the temperature, the length of the 
nucleic acid, the enzyme and the complexity of the nucleic acid mixture, preferably 1 to 3 minutes. If the nucleic acid is 
longer, a longer time period is generally required. Preferably, an amount of dimethylsuifoxide (DMSO) which is sufficient 

45 to facilitate detection of amplified product is also present in the reaction mixture. The DMSO may be added at any step 
of the process herein, but preferably is present at this step and at all succeeding steps. Most preferably, 5-10% by vol- 
ume of DMSO is present. 

The newly synthesized strand and its complementary nucleic acid strand form a double-stranded molecule which 
is used in the succeeding steps of the process. In the next step, the strands of the double-stranded molecule are sep- 
50 arated by heat denaturation at a temperature effective to denature the molecule, but not so high that the thermostable 
enzyme is completely and irreversibly denatured or Inactivated. Depending mainly on the type of enzyme and the length 
of nudeic acid, this temperature generally ranges from about 90 to 105°C, more preferably 90-1 00°C, and the time for 
denaturation typically ranges from 0.5 to four minutes, depending mainly on the temperature and the nudeic acid 
length. 

55 After this time, the temperature Is decreased to a level which promotes hybridization of the primer to its comple- 
mentary single-stranded molecule (template) produced from the previous step. Such temperature is described above. 

After this hybridization step, or in lieu of (or concurrently with) the hybridization step, the temperature is adjusted to 
a temperature which is effective to promote the activity of the thermostable enzyme to enable synthesis of a primer 
extension product using as template the newly synthesized strand from the previous step. The temperature again must 
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present Preferably, (he steps are repealed « fesaXl r me,mos,able «*>TO and g» nucleotide triphceohaS! 

does not interfere with detection. * ° ^ det6Ctable s, 9 na ' 18 produced, i.e., so that background noise 

after each denaturing step. Wrtion I"* *" 1 * to ^enishTeSyme 

When it is desired to produce more than SSdfc nulS?^ ^ n0t adverse, y affect reaction 
nucleic acids, the appropriate number oliJSdta^^ 

crf,c nucleic acid sequences are to be pn^SSSSSSl 'SV V For « Bn * J '* « different spe 

In this manner, each of the two different specific sequences can ^ SeCOnd specWc nuc,eic acid sequence 

After the appropriate length of time has pSdSiSl! * ? ex P°™tially by the present process 
sequence me reaction may be halted by inaSglh e^rS in a „v ^ am0U * ° f the 
nents of the reaction. a " n9 tne enzyme ,n an Y known manner or by separating the compo 

subsequent reaction cycle, extension of JS^ilSS} ,S ^ ^ the nucleic acid. During the f,Yst and e^cb 
ssDNA molecule product of indefinite lenglhthfcKS taST*. °" ^ 0ri9ina ' ,emp ' ate wil1 ' « ™ 

re eled to as "long products. ■ wil. accunit ineaTS hi t h T* * ^ P"'™ 8 " ^ P r ^- 
will be proportional to the number of cycles ' ^ ' S ' 4,16 amount P resen « after any number of cycles 

subseqSySS ?pS£^ Jfifi « * «" — " * a °'«<eo«de primers during 
templates for one or the ottfer of S^n J^prS ST" f 1 " f^* 86 m ° ,eCU,es 
can be sustained which will result in ti^SSSta^S^S *3T ^ ^ 181 a " d thus a «SS 
. By-products formed by oligonucleotide liywSS»2S fhoT ^ ^ rela,ive to the num °<* of cycles 
•nstances, and thus accumulate at a linear ™ 2at ' 0ns other than «iose .ntended are not self-catalytic (except i^rare 
The specific sequence to be ampiified. fSJ. can be depicted diagrammatically as: 
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tS ] 3 TTTTTTrrTTYYYYYYYYYYGGGGGGC3GGG 5' 
The appropriate oligonucleotide primers would be: 



Primer 1 : 
Primer 2: 



GGGGGGGGGG 
AAAAAAAAAA 



so that if DNA containing [S] 
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3 . 5' 
6GGG6GG6G6 Primer 1 

;;ig"al"empUte strand* 

ori gi nal template ^rand" YYYYYYYYYGGG6G6 GGGGzzrzz2ZZZ2rzzzzz. . . 

•-"Z?£T* ^ extends 

io 5 J 



On denaturation of the two duplexes formed, the products are: 
15 5* 

IZIZ2ZZIzzZ2ZZIzTTTTTTTTTTYtYYVYYYYY6G66G66GGG 
n^iy synthesized lon S product 1 J( 

6 ' zzzzzzzzzzzzzzzzAAAA^XXXxmxCcacXCCCCzzzzzzzzzzzzzzzz . . . . 
original template strand ^ 
3 ' ^zzzzzzzzzzzzzzTTTTTTTTTTYYYYYYYYYYGGGGGGGGGGzzzzzzzzzzzzzzzz.... 
original template strand" ^ 

''aAAAAAAMAXXXXXXXXXXCCCCCCCCCCzzzzzzzzzzzzzzzz.... 
30 newly synthesized long product c 



20 



25 



35 catalyze the following reactions: 

v pvtends to here 

Primer 2 5' AAAAAAAAAA > 

3" . . .zzzzzzzzzzzzzzzzzzTTTTTTTTTTYYYYYYYYYYGGGGGGGGGG 5' 
40 nwly synthesized long product 1 

, GGGGGGGGGG 5' Primer 1 

extends^ — ■ , 
5 . rt zzzzzzzzzZZZ»AAA«AAAAXXXXXXXXXKCCCCCCaCzzzzzzzzzzzzzz....3 

ordinal template strand ^ % 

Primer 2 5' AAAAAAAAAA 

• • • «3 
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3- ...zzzzzzzzzzzzzzzzzzTTTTTTTTTTYYYYYYYYYGGGGGGGGGGzzzzzzzzzz 

original template strand 

' t_ - GGGGGGGGGG 5' Primer 1 

extends to herer~ 
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35 



5' AAAAAAAAAAXXXXXXXXXXCCCCCCCCCCzzzzzzzzzzzzzzzz. 3' 
newly synthesized long product 2 



If the strands of the above four duplexes are separated, the following strands 



are found: 



10 5 ' AAAAAAAAAAXXXXXXXXXXCCCCCCCCCC 3' 

newly synthesized [S + ] 

3' . .zzzzzzzzzzzzzzzzzzzTTTTTTTTTTYYYYYYYYYYGGGGGGGGGG 5 ' 
first cycle synthesized long product 1 

15 

3* . . . .zzzzzzzzzzzzzzzzzzzTTTTTTTTTTYYYYYYYYYYGGGGGGGGGG 5« 
newly synthesized long product 1 

5 ' : • - zzzzzzzzzzzzzzzzzzzAAAAAAAAAAXXXXXXXXXXCCCCCCCCCCzzzzzzzzz 3 ' 
original template strand* *w**-w»kzzzzzzz....j 

5 ' AAAAAAAAAAXXXXXXXXXXCCCCCCCCCCzzzzzzzzzzzzzzzz . . .3 • 
newly synthesized long product 2 

3' T TTTTTTTTT Y Y YYYYYYYYGGGGGGGGGG 5' 
newly synthesized [S~] 

5 ' AATWW^AAXXXXXXXXXXCCCCCCCCCCzzzzzzzzzzzzzzz . . .3 ' 
first cycle synthesized long product 2 



ofthXrr,^^ 

<o the specific sequence increases J2£2T^££2E? * T° nudeic acid The a ™"<« * 

is illustrated in the following t^S^S^ST^ Tl^™ *" P redomi ™t species. This 
cycles, assuming 100% efficiency at each eye ? mtS ° f ^ * e ™«<*"Y resent after n 
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Cycle Number 


Number of Double Strands 
After 0 to n Cycles 


Specific Sequence [S] 




Template 


Long Products 




0 




- 




1 




1 


0 


2 




2 


1 


3 




3 


4 


5 




5 


26 


10 




10 


1013 


15 




15 


32,752 


20 




20 


1.048,555 


n 




n 


(2 n -n-1) 


When a single-stranded nucleic acid is utilized as the template, only one 
long product is formed per cycle. 



A sequence within a given sequence can be amplified after a given number of amplifications to obtain greater spe- 
cificity of the reaction by adding after at least one cycle of amplification a set of primers which are complementary to 
internal sequences (which are not on the ends) of the sequence to be amplified. Such primers may be added at any 
stage and will provide a shorter amplified fragment. Alternatively, a longer fragment can be prepared by using primers 
with non-complementary ends but having some overlap with the primers previously utilized in the amplification. 

The amplification method may be utilized to clone a particular nucleic acid sequence for insertion into a suitable 
expression vector. The vector may be used to transform an appropriate host organism to produce the gene product of 
the sequence by standard methods of recombinant DNA technology. Such cloning may involve direct ligation- into a vec- 
tor using blunt-end ligation, or use of restriction enzymes to cleave at sites contained within the primers. 

In addition, the amplification process can be used for in yjlrQ mutagenesis. The oiigodeoxyribonucleotide primers 
need not be exactly complementary to the DNA sequence which is being amplified, it is only necessary that they be 
able to hybridize to the sequence sufficiently well to extended by the thermostable enzyme. The product of an amplifi- 
cation reaction wherein the primers employed are not exactly complementary to the original template will contain the 
sequence of the primer rather than the template, thereby introducing art iq vitro mutation. In further cycles this mutation 
will be amplified with an undiminished efficiency because no further mispaired priming are required. The mutant thus 
produced may be inserted into an appropriate vector by standard molecular biological techniques and might confer 
mutant properties on this vector such as the potential for production of an altered protein. 

The process of making an altered DNA sequence as described above could be repeated on the altered DNA using 
different primers to induce further sequence changes. In this way, a serfes of nSutated sequences could gradually be 
produced wherein each new addition to the series could differ from the last in a minor way, but from the original DNA 
source sequence in an increasingly major way. In this manner, changes could be made ultimately which were not fea- 
sible in a single step due to the inability of a very seriously mismatched primer to function. 

In addition, the primer can contain as part of its sequence a non-complementary sequence, provided that a suffi- 
cient amount of the primer contains a sequence which is complementary to the strand to be amplified. For example, a 
nucleotide sequence which is not complementary to the template sequence (such as, e.g., a promoter, linker, coding 
sequence, etc.) may be attached at the 5* end of one or both of the primers, and thereby appended to the product of the 
amplification process. After the extension primer is added, sufficient cycles are run to achieve the desired amount of 
new template containing the non-complementary nucleotide insert. This allows production of large quantities of the 
combined fragments in a relatively short period of time (e.g., two hours or less) using a simple technique. 

The amplification method may also be used to enable detection and/or characterization of specific nucleic acid 
sequences associated with infectious diseases, genetic disorders or cellular disorders such as cancer, e.g., oncogenes. 
Amplification is useful when the amount of nucleic acid available for analysis is very small, as. for example, in the pre- 
natal diagnosis of sickle cell anemia using DNA obtained from fetal cells. Amplification is particularly useful if such an 
analysis is to be done on a small sample using non-radioactive detection techniques which may be inherently insensi- 
tive, or where radioactive techniques are being employed, but where rapid detection is desirable. 
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r>K,/? r purposes of this discussion, genetic diseases may include specific deletions and/or mutations in genomic 
ONA from any organism, such as. e.g., sicWe cell anemia, a-thalassemia. p-thalassemia. and the like Sickle cell ane- 
mia can be readily detected via oligomer restriction analysis as described by EP Patent Publication 164 054 published 
December 11 , 1 985. or via a RFLP-like analysis following amplification of the appropriate DNA sequence by the amoli- 
.cation method «-Thalassemia can be detected by the absence of a sequence, and p-thalassemia can be detected bv 
the presence of a polymorphic restriction site closely linked to a mutation that causes the disease. 

All of these genetic diseases may be detected by amplifying the appropriate sequence and analyzing it by Southern 
blots without using radioactive probes. In such a process, for example, a small sample of DNA from. e.g.. amniotic fluid 
containing a very low level of the desired sequence is amplified, cut with a restriction enzyme, and analyzed via a 
Southern blotting technique. The use of non-radioactive probes is facilitated by the high level of the amplified signal 

In an alternative process, a small sample of DNA may be amplified to a convenient level and then a further cycle of 
extension reactions performed wherein nucleotide derivatives which are readily detectable (such as 32 P-labeled or 
biotin-labeled nucleotide triphosphates) are incorporated directly into the final DNA product, which may be analyzed by 
restriction and electrophoretic separation or any other appropriate method. 

In a further process, the nucleic acid may be exposed to a particular restriction endonuclease prior to amplification 
Since a sequence which has been cut cannot be amplified, the appearance of an amplified fragment, despite prior 
restriction of the DNA sample, implies the absence of a site for the endonuclease within the amplified sequence The 
presence or absence of an amplified sequence can be detected by an appropriate method. 

A practical application of the amplification technique, that is. in facilitating the detection of sickle cell anemia via the 
oligomer restriction technique [described in EP 164,054, supra, and by Saiki et al., Bio/Technology Vol 3 pp 1008- 
1012 (1 985)] is described in detail in the Saiki et al. Science article cited above. In that Science article, a specific ampli- 
fication protocol is exemplified using a p-globin gene segment. 

The amplification method herein may also be used to detect directly single-nucleotide variations in nucleic acid 
sequence (such as genomic DNA) using sequence-specific oligonucleotides. Briefly. in this process, the amplified sam- 
ple is spotted directly on a series of membranes, and each membrane is hybridized with a different labeled sequence- 
specific, oligonucleotide probe. After hybridization the sample is washed and the label is detected This technique is 
especially useful in detecting DNA polymorphisms. 

Various infectious diseases can be diagnosed by the presence in clinical samples of specific DNA sequences char- 
acteristic of the causative microorganism. These include bacteria, such as Salmonella. Chlamydia Neisseria' viruses 
such as the hepatitis viruses, and parasites, such as the Plasmodium responsible for malaria. U.S Patent Reexamina- 
tion Certificate B1 4.358.535 issued to Falkow et al. on May 13. 1986 describes the use of specific DNA hybridization 
probes for the diagnosis of infectious diseases. A relatively small number of pathogenic organisms may be present in a 
clinical sample from an infected patient and the DNA extracted from these may constitute only a very small fraction of 
the total DNA in the sample. Specific amplification of suspected sequences prior to immobilization and detection by 
hybridization of the DNA samples could greatly improve the sensitivity and specificity of traditional procedures 

Routine clinical use of DNA probes for the diagnosis of infectious diseases would be simplified considerably if non- 
radioactive^ labeled probes could be employed as described in EP 63,879 to Ward. In this procedure biotin-containing 
DNA probes are detected by chromogenic enzymes linked to avidin or biotin-specific antibodies. This type of detection 
•s convenient, but relatively insensitive. The combination of specific DNA amplification by the present method and the 
use of stably labeled probes could provide the convenience and sensitivity required to make the Falkow et al and Ward 
procedures useful in a routine clinical setting. 

A specific use of the amplification technology is for detecting or monitoring for the AIDS virus. Briefly, the amplifi- 
cation and detection process is used with primers and probes which are designed to amplify and detect respectively, 
nucleic acid sequences which are substantially conserved among the nucleic acids in AIDS viruses and specific to the 
nucleic acids in AIDS viruses. Thus, the sequence to be detected must be sufficiently complementary to the nucleic 
acids in AIDS viruses to initiate polymerization preferably at room temperature in the presence of the enzyme and 
nucleotide triphosphates. 

The amplification process can also be utilized to produce sufficient quantities of DNA from a single copy human 
gene such that detection by a simple non-specific DNA stain such as ethidium bromide cna be employed to diagnose 
DNA directly. 

In addition to detecting infectious diseases and pathological abnormalities in the genome of organisms the ampli- 
fication process can also be used to detect DNA polymorphisms which may not be associated with any pathological 

In summary, the amplif ication process is seen to provide a process for amplifying one or more specific nucleic acid 
sequences using a chain reaction and a thermostable enzyme, in which reaction primer extension products are pro- 
duced which can subsequently act as templates for further primer extension reactions. The process is especially useful 
in detecting nucleic acid sequences which are initially present in pnly very small amounts. 

The following Examples are offered by way of illustration only. In these samples, all percentages are by weight if for 
solid and by volume if for liquids, and all temperatures are given in degrees Celsius. 
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EXAMPLE I 



I. Synthesis of the Primers 

The following two oligonucleotide primers were prepared by the method described below: 

5'- AC AC AACTGTGTTC ACTAGC-3* (PC03) 
5'-CAACTTCATCCACGTTCACC-3' (PC04) 

These primers, both 20-mers. anneal to opposite strands of the genomic DNA with their 5' ends separated by a distance 
of 110 base pairs. 

A. Automated Synthesis Procedures: The diethylphosphoramidites. synthesized according to Beaucage and Caru- 
thers ( Tetrahedron Letters (1981) 22:1859-1862) were sequentially condensed to a nucleoside derivatized control- 
led pore glass support using a Biosearch SAM-1. The procedure included detritylation with trichloroacetic acid in 
dichloromethane. condensation using benzotriazole as activating proton donor, and capping with acetic anhydride 
and dimethylaminopyridine in tetrahydrofuran and pyridine. Cycle time was approximately 30 minutes. Yields at 
each step were essentially quantitative and were determined by collection and spectroscopic examination of the 
dimethoxytrityl alcohol released during detritylation. 

B. Oligodeoxyribonucleotide Deprotection and Purification Procedures: The solid support was removed from the 
column and exposed to 1 ml concentrated ammonium hydroxide at room temperature for four hours in a closed 
tube. The support was then removed by filtration and the solution containing the partially protected oligodeoxynu- 
cleotide was brought to 55°C for five hours. Ammonia was removed and the residue was applied to a- preparative 
polyacrylamide gel. Electrophoresis was carried out at 30 volts/cm for 90 minutes after which the band containing 
the product was identified by UV shadowing of a fluorescent plate. The band was excised and eiuted with 1 ml dis- 
tilled water overnight at 4°C. This solution was applied to an Altech RP18 column and eiuted with a 7-13% gradient 
of acetonitrile in 1% ammonium acetate buffer at pH 6.0. The elution was monitored by UV absorbance at 260 nm 
and the appropriate fraction collected, quantitated by UV absorbance in a fixed volume and evaporated to dryness 
at room temperature in a vacuum centrifuge. 

C. Characterization of Oligodeoxy ribonucleotides: Test aliquots of the purified oligonucleotides were P labeled 
with polynucleotide kinase and r 32 P-ATP. The labeled compounds were examined by autoradiography of 14-20% 
polyacrylamide gels after electrophoresis for 45 minutes at 50 volts/cm. This procedure verifies the molecular 
weight. Base composition was determined by digestion of the oligodeoxyribonucleotide to nucleosides by use of 
venom diesterase and bacterial alkaline phosphatase and subsequent separation and quantitation of the derived 
nucleosides using a reverse phase HPLC column and a 10% acetonitrile. 1% ammonium acetate mobile phase. 

II. Isolation of Human Genomic DNA from Ceil Line 

High molecular weight genomic DNA was isolated from a T cell line. Molt 4. horihbzygous for normal p-globin avail- 
able from the Human Genetic Mutant Cell Depository. Camden. NJ as GM2219C using essentially the method of Mani- 
atis et al.. Molecular Cloning (1982). 280-281. 

III. Purification of a Polymerase From Thermus aquaticus 

Thermus aquaticus strain yT1 . available without restriction from the American Type Culture Collection. 12301 Park- 
lawn Drive, Rockville, MD, as ATCC No. 25.104 was grown in flasks in the following medium: 
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Sodium Citrate 

Potassium Phosphate, pH 7.9 

Ammonium Chloride 

Magnesium Sulfate 

Calcium Chloride 

Sodium Chloride 
Yeast Extract 
Tryptone 
Glucose 
Ferrous Sulfate 



1mM 
5 mM 
10 mM 
0.2 mM 
0.1 mM 
1g/I 
lg/1 
ig/l 
2g/l 
0.01 mM 



(The P H was adjusted to 8.0 prior to autodav- 
ingj 
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soo m ^^~^^^Xr^ ° vernigW in aP - — at 70 . c a tota, of 

s,i9ht — n) * KaIedin et al m 

The Vibrated with the above described buffer 

280 nm) were colfected. The combined praShSSta wa C ° ntainin9 pr ° tein ^termined by absorbancTat 
sorni i phosphate buffer, pH 7.5, 1 o mM iSSiSSTSS^ f "'^ ' ^ bUffer ' X?m££ 
Fraction C was applied to a 2.6 x 21<m7cSm7of h w % 9 ' yCer,ne ' to yie,d ,rac «°n C. P S 

was then washed and the enzyme was ekSd with a . hydroxya P atite . equilibrated with a second buffer The ™. 
gaining to mM 2 -mercap^^^ 

po tass,um phosphate) were combined. conoenSS Z feS f"" 1 * ° NA Phrase activity (90- 80 mM 
cJ.alyzed aga.-nst the second buffer to yield fraction D an Am ' COn Stinred ce " a "<* rMlO me^ran e and 

Fraction D was applied to a 1 .6 x 28-cm column of Deap ..I. < 
KtTS ^ P0 ' ymeraSe ^ 6 ' U « ^ 7 th * buffer. The column 

dStin^l ^ * WerS aSS3yed ,or laminating erSS£222 22 ? P ° ta f um P h <*P" a 'e in the second 
detecting he change ,n molecular weight of phage XDNAo; suoi^S , f exonuc, ease(s) by electrophoretically 
of DNA polymerase (for endonuclease) and after treatment wifhT / ^ P ' aSma DNA after incubation with an excess 
fragments (for exonudease). Only those DliS^^,^^^ 6nZyme that c 'eaves the DNA into S 
nudease contamination were pooled. To the pod waTadded ^T ( 2' 95 , mM P ° taSSium P hos P" a 'e) having S 
«as co^duct^ against second buffer to ^^'"^^ofssoi,,;:* 

ase s) as described above as well as for polymerase ali S were assayed for contaminating endo/ex^uX- 
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„ h lase 8 (32 500) hovine senm, atour* (WOO). 0-albrrm.n (45.000). =a*oni= anhydrase 

Preliminary data suggest mai « h / Kaipdin e t al ) 
63,000 daltons reported in the literature (*». by Kaledm et al.). 

IV Amplification Reaction 

Onen*,og, OT o,,hege,™icDr«desed^ 
lainine £ TmM Tns-HOI bolter (pH 8.0). » -^O; " /^dOir and 1.5 mM TTP. The sample «• 
"m,,.^™."* 1 ^ ^ ™ B ,„„m lampe,*"*. Fou. neaollere ol « 

S to 10 minutes el 08-0 »^"*^Z< ea^mXalnd "* a ,0 ° " m ""' a ' °* ^ 

polymerase iron, Thermos aqoabcus ^^^^W^*, handling and healing instrument 

reaction. 
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V. Synthesis and Phosphorylation of Oligodeoxyribonucleotide Probes 

A labeled DNA probe, designated RS24. of the following sequence was prepared: 
S-CCCACAGGGCAGTAACGGCAGACTTCTCCTCACBGAGTCAG-S- (RS24) 



110 bp_ 



p-globin 



PC03 



RS24 



PC04 
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This probe was synced according to the 
.abeled by contacting 20 pmole thereof with 4 unite* T4 PjJ*~Jj^ 10 mM MgCI 2 . 1 .5 mM spermine and 
7000 Ci/mmole) in a 40 pi reaction volume containing 70 mM Tr.s *P" . mM £DTA an£) punfie ^ 

10 mM Sh/aito. for 60 minutes at 37»C. The ^^^^SS^^ * 1 ml * in dia,ySiS St 
according to the procedure of Maniate et at, £ 8.0). TCA precipitation of the reaction product 

VI. Dot Blot Hybridizations 

pSS Nad. 200 mM NrttfO* 20 mM EDTA). »**^» 30 Snutesat80-OinaV«rum oven. 

added to the hybridization solution and the Mter wa incubated for tw ^ fof i q ^ room tem . 

Finally, each hybridized filter was washed twice with 100 ml ot * 
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perature. Then the filters were treated once with 100 ml of 2 x SSPE o i« .n, . * n „ 
^-asthenautorad^^^ 

VII. Discussion of Autoradiogram 

ahf. TJI ' SflflDfifl ' Ana, y sis of *e reatfSi p^SS^^Jif ^he wHd-type allele, as described 
about 95%, corresponding to a 630,000-fold increase in effici ^ -as 

EXAMPLE II 
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I. Amplification Reaction 

One of the samples was placed in the heating Wock o7the ST c °" densa «<>n and evaporative loss, 
cycles of amplification, repeating the following prSramtyde Chl " e *** ed h Exam P ,e 1 and objected to 25 

(1) heating from 37 to 93-C over a period of 2.5 minutes- 
wards and a microprocessor controL^ ^ 

temperature ramping and the timing of the temperature ^ ^ SeqUenCe ' the tem P^ture levels, the 

(1) heating from 37 to 95°C over a period of three minutes- 

(4) maintaining at 37°C for one minute. 
II. Analysis 

uesignateo RS18, of the following sequence was prepared 

S--CTCCTGAGGAGAAGTCTGC-3' (RS1 8) 



55 



PC03 



110 bp 



6-globin 



RS18 



PC04 



p,*e «. S1 «^ a( ^„ 9 B „. proceaures dw ^ ( ^ ^ t ^ ^ ^ 
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^tetustopteparingdo..*^ 

Ston sduta and M liter was MHM reO. , ^ rt „.,% SDS to 10 minutes at mom tern- 

fo mo agarose go. analysis. 5 ,» ea* ^»^ed to 60 minutes at 100V. Mter mm 

(0 089 M Tris borate. 0.089 M borio aod. and 2 mM EOTA) and erecuep 

wi'lh othidium bromide. ONA uasuisuafeedby mn ^ y efec iive in amplilying 

TheresulBs1ro»teaimerrteol*esusedrnExarr^elart^exaTO responding te lire desrred 

=^^=~H=ri==- * 

DR and DP regions. 
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EXAMPLE 

Am plification and Cl oning 
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Mmpmnxanwi. n.™ ^ each Of 

For amplification of a 119-base payment or 
human genomic DNA isolated from the Molt 4 ^^X^mQ^Oo Mutant Cel. Depository, Camden, N.JO 
tion of the p- and A- hemoglobin region and avarfaUe from IheHu™^ 5 mM Tris . HC , pH 8. 10 mM 

as dionbed above was amp««ied in a 100 ..reason ^™™^™% JP , V.5 mM dTTP, 1 .5 mM dGTP. and 
MgCI 2 . 200 ug/ml gelatin, 5 mM beta-mercaptoethanol, 1 .5 mM OA. . Y 
1 nM of each of the following primers: 

5'-CTTCTGcagCAACTGTGTTC ACTAGC-3' (GH 1 8) 
5'-CACaAgCTTCATCCACGTTCACC-3- (GH19) 

wherelowercasele^^ 

base oligonucleotide complementary to the negatw ^^^frtndHI recognition sequence. These primers 

TpTage M13. Th y e primers were then prepared as <*^f£*& ^ cooled to room temperature. A tota. d 
The above reaction mixtures were heated "JJJJ f ™ reaction mi)rture . an d then each mixture was over- 



2.5 min. ramp, 37 to 98°C 
3min. ramp. 98 to37°C 
2 min. soak, 37°C 
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After the last cycle, the reaction mixtures were incubated for 20 minutes at 65°C to complete the final extension 
The mineral oil was extracted with chloroform and the mixtures were stored at 20°C. 

A total of 10 ti\ of the amplified product was digested with 0.5 ng M13mpl0 cloning vector, which is publicly availa- 
. ble from Boehnnger-Mannheim, in a 50 nl volume containing 50 mM NaCI, 10 mM Tris • HCI. pH 7 8 10 mM MqCI, 20 
units PstJ and 26 units Hindi" for 90 minutes at 37°C. The reaction was stopped by freezing at 20°C The volume was 
adjusted to 1 10 ul with TE buffer and loaded (100 ul) onto a 1 ml BioGel P-4 spin dialysis column. One 0 1 ml fraction 
was collected and ethanol precipitated. 

(At this point it was discovered that there was p-globin amplification product in the GM2064 sample Subsequent 
experiments traced the source of contamination to the primers, either GH18 or GH19. Because no other source ofprim- 
ers was available, the experiment was continued with the understanding that some cloned sequences would be derived 
from the contaminating DNA in the primers.) 

The ethanol pellet was resuspended in 15 M l water, then adjusted to 20 »d volume containing 50 mM Tris • HCI pH 
7.8. 10 mM MgCI 2 . 0.5 mM ATP, 10 mM dithiothreitol, and 400 units ligase. This mixture was incubated for three hours 
at 16°C. 

Ten microliters of ligation reaction mixture containing Molt 4 DNA was transformed into £ sol strain JM103 com- 
petent cells, which are publicly available from BRL in Bethesda, MD. The procedure followed for preparing the trans- 
formed strain is described in Messing, J. (1981) Third Clevelan d Symposium n n MacmmnlA™,| es Recombinant DMA 
ed. A. Walton, Elsevier. Amsterdam, 143-153. A total of 651 colorless plaques (and 0 blue plaques) were obtained Of 
these. 1 19 had a (+)- strand insert (18%) and 19 had a (-)- strand insert (3%). This is an increase of almost 20-fold over 
the percentage of p-globin positive plaques among the primer-positive plaques from the amplification technique using 
Klenow fragment of E £oJi Polymerase I, where the reaction proceeded for two minutes at 25°C, after which the steps 
of heating to 100°C for two minutes, cooling, adding Klenow fragment, and reacting were repeated nine times These 
results confirm the improved specificity of the amplification reaction employing the thermostable enzyme herein 

In a later cloning experiment with GM2064 and the contaminated primers. 43 out of 51 0 colorless plaques (8%) had 
the (+)- strand Insert. This suggests that approximately one-half of the 1 19 clones from Molt 4 contain the contaminant 
sequence. 

Ten of the (+)- strand clones from Molt 4 were sequenced. Five were normal wild-type sequence and five had a sin- 
gle C to T mutation in the third position of the second codon of the gene (CAC to CAT). Four of the contaminant clones 
from GM2064 were sequenced and all four were normal. 

Restriction site-modified primers may also be used to amplify and clone and partially sequence the human N-ras 
oncogene and to clone base pair segments of the HLA DQ-a. DQ-p and DR-p genes using the above technique All of 
these amplification reactions may be carried out in the presence of 10% by volume dimethylsulfoxide. 

Plating and Screening 



The filters were probed with the primer PC04 to determine the percentage of inserts resulting from amplification 
and cloning. The percentage of p-globin positive plaques among the amplified primer-positive plaques was approxi- 
mately 20%. This is an increase of 20-fold over the percentage of p-globin positive plaques among the primer-positive 
plaques from the amplification technique using Klenow fragment of E, cgJi Polymerase I. where the reaction proceeded 
for two minutes at 25°C, after which the steps of heating to 100»C for two minutes, cooling, adding Klenow fragment 
and reacting were repeated nine times. These results confirm the improved specificity of the amplification reaction of 
the invention herein employing a thermostable enzyme. 

Restriction site-modified primers may also be used to amplify and clone and partially sequence the human N-ras 
oncogene and to clone base pair segments of the HLA DQ-a, DQ-p, and DR-p gerfes using the above technique All of 
45 these amplification reactions may be carried out in the presence of 1 0% by volume dimethylsulfoxide. 

In summary, the present invention provides heat exchanger apparatus for use in apparatus for performing auto- 
mated amplification of one or more nucleic acid sequences involving a temperature-cycled chain reaction and a ther- 
mostable enzyme, which apparatus has a heat-conducting container for the reagents, means for heating, cooling and 
maintaining the container to or at any given temperature, and a computer means to generate signals that control the 
temperature levels. The amplification process results in increased yields of amplified product, greater specificity and 
fewer steps necessary to carry out the procedure over what has been previously disclosed. 



Claims 

55 1 . Heat exchanger apparatus for use in a temperature-cycling instrument for automated temperature cycling of a plu- 
rality of reaction wells comprising: 

a heat-conducting metal block having a top surface and a plurality of recesses communicating with said top 
surface for holding said reaction wells; and 
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conputer controllable means for heating and cooling said block repeatedly in a user-def ined manner. 
An apparatus as claimed in claim 1. wherein said means for heating and cooling comprises a Peltier device. 
An apparatus as clamed in claim 1 . wherein sad means for heating and cooling comprises a heat pump having a 
compressor, an evaporator and a condenser. 

An apparatus as claimed in any one of claims 1 to 3. wherein saki heat conducting metal block is aluminum. 

. . , Jrt om/ ^ r ioim<; 1 to 4 wherein said block has fluid flow channels therethrough and 

said channels. 

An aooaratus as claimed in daim 5. wherein said means for cooling includes a temperature-controlled cooling fluid 
r^erSarc \t . pump for circulating cooling ,, U id from saW reservoir through said cooling channels and back to sa.d 

reservoir. 

7 An apparatus as claimed in claim 5 or claim 6. wherein said means for heating includes a source of heating fluid 
and means for regulating the flow of heating fluid through said channels. 

8. An apparatus as claimed in any one of claims 1 to 7, wherein said means for heating and cooling is capable of cool- 
ing said block to sub-ambient temperatures. 

9. Apparatus as defined in any one of claims 1 to 8 controlled by computer means to permit user-defined automated 
temperature cycling. 

1 0. An apparatus for performing automated amplification of a plurality of samples, each containing at least one specific 
nucleic acid sequence comprising: 

means for separately holding a plurality of nucleic acid amplification reaction mixtures containing said samples, 
said holding being carried out at any selected temperature or a plurality of temperatures; and 

means for automatically performing a predetermined sequence of steps including repeatedly causing said f irst 
means to heat its contents for a f irst period and to cool its contents for a second period. 

1 1 . An apparatus as claimed in claim 10 comprising heat exchanger apparatus as defined in any one of claims 1 to 8. 
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